The multi-subunit chromatin remodeling complex SWI/SNF 1-3 is highly conserved from 14 yeast to humans and plays critical roles in various cellular processes including 15 transcription and DNA damage repair 4,5 . It uses the energy from ATP hydrolysis to 16 remodel chromatin structure by sliding and evicting the histone octamer 6-10 , creating 17 DNA regions that become accessible to other essential protein complexes. However, 18 our mechanistic understanding of the chromatin remodeling activity is largely hindered 19 by the lack of a high-resolution structure of any complex from this family. Here we report 20 the first structure of SWI/SNF from the yeast S. cerevisiae bound to a nucleosome at 21 near atomic resolution determined by cryo-electron microscopy (cryo-EM). In the 22 remodels the +1 nucleosome to generate nucleosome-depleted regions during gene 35 activation [11][12][13] . 36
(SMARCC/BAF155/170). Another conserved subunit Swi1 (ARID1/BAF250) folds into 28 an Armadillo (ARM) repeat domain that resides in the core of the SWI/SNF Body, acting 29 as a molecular hub. In addition to the interaction between Snf2 and the nucleosome, we 30 also observed interactions between the conserved Snf5 subunit and the histones at the 31 acidic patch, which could serve as an anchor point during active DNA translocation. Our 32 structure allows us to map and rationalize a subset of cancer-related mutations in the 33 human SWI/SNF complex and propose a model of how SWI/SNF recognizes and has never been observed before and is quite different from other multi-subunit 60 remodeling complexes, including INO80 and SWR1 16,20,21 (Extended Data Fig. 5 ). The 61 HSA of Snf2 plays an essential role in connecting the ATPase and Arp modules to the 62 Body, extending into the Body and anchoring at the opposite side of the complex (Fig.  63 1a, b). We therefore named this region of Snf2 adjacent to the HSA the Anchor domain 64 Table 1 ). Out of the 35 inter-linking pairs that were mapped onto the Body model, 74 27 (77%) pairs have a C⍺-C⍺ distance within 30 Å, the maximum distance that is 75 allowed by using the crosslinker BS3 23 . We also mapped 60 pairs of intra-links, of which 76 55 (92%) show a C⍺-C⍺ distance within 30 Å. These comparisons demonstrate the 77 accuracy of our model, and also indicates that the structure of the SWI/SNF Body 78 module does not change drastically upon engaging a nucleosome. 79
80
The conserved subunits Swi1/ARID1/BAF250, Swi3/SMARCC/BAF150/177, Snf12/ 81 SMARCD/BAF60 and Snf5/ SMARCB1/BAF47/INI1 assemble into the body of the 82 SWI/SNF complex (Fig. 2) , consistent with these proteins forming a core module in the 83 human SWI/SNF complexes 24 . Based on the positioning of different domains and their 84 functions, we further defined four sub-modules of the scaffold -the Spine, the Hinge, 85
the Arm and the Core (Fig. 2a ). 86
87
The Spine is composed of Snf12 and the C-terminal regions of Swi3 (Fig. 2b ). We 88 identified two copies (named A and B) of Swi3 in our structure, consistent with previous 89 crosslinking data showing multiple same-residue crosslinks within Swi3 22 . The most 90 striking feature of the Spine is the four-helix bundle formed by the two long helices 91 (LH1/2) of Snf12 and the Coiled-coil domains from two Swi3 ( Fig. 2b ), consistent with 92 previous finding that the RSC homologs of Snf12 (RSC6) and Swi3 (RSC8) directly 93 interact 25 . The Coiled-coil domain of Swi3 has clear leucine-zipper properties, 94 containing hydrophobic amino acids separated by 7 residues in a helical region 26 . 95
Interestingly, the crystal structure of the human dominant-negative OmoMYC 96 homodimer 27 , a leucine-zipper containing complex, can be unambiguously fitted into the 97 two helices belonging to Swi3 by rigid body docking (Extended Data Fig. 6a ). 98 Surprisingly, the two Coiled-coil domains of Swi3 have different lengths ( Fig. 2b) , 99
showing an asymmetric folding (Extended Data Fig. 6b ). We speculate that this might 100 be due to the different interactions that the two Coiled-coils are involved in during 101 complex assembly. BAF155/170 (SMARCC1/2), the human homologues of Swi3, have 102 been indicated to form a dimer at the very first step of SWI/SNF complex assembly 24 . 103
We therefore hypothesize that the two copies of Swi3 are indistinguishable at the early 104 steps of SWI/SNF assembly, and that after engaging with other subunits, especially Snf12/SMARCD/BAF60, the symmetry is broken. Snf12 has been shown to play 106 important roles in SWI/SNF function 28 , and our structure suggests that it may do so by 107 interacting with Swi3 and contributing to the assembly of the complex. The unassigned 108 density at the tip of the Spine shows clear β-sheet features and is directly connected to 109 the SWIB domain of Snf12 (Extended Data Fig. 6c ). This, together with the secondary 110 structure prediction of Snf12, allowed us to assign this density to Snf12. 111
112
The Hinge is composed of the two SANT domains of Swi3 and the C-terminal helices of 113 Snf12 (Fig. 2c ). SANT B contacts the C-terminal helices of Snf12 and is in close 114 proximity to the Core sub-module ( Fig. 2c ), whereas SANT A is located at the top and 115
interacts with a C-terminal segment of Swi3 A (Fig. 2c ). Both SANT domains contact and 116 sandwich the Snf2 Anchor domain ( Fig. 2c ), playing a key role in stabilizing the ATPase 117 within the complex. 118
119
The Arm is composed of Snf5, the N-terminal SWIRM domains of Swi3 and C-terminus 120 of Swp82 (Fig. 2d ). The Snf5 Core repeat (RPT) domains each engage one copy of the 121 Swi3 SWIRM domain in a similar manner as in the human BAF47/BAF155 crystal 122 structure 29 (Fig. 2d , Extended Data Fig. 7a, b ). Subtle differences in the two RPT-123 SWIRM interfaces (Extended Data Fig. 7c ) are likely due to the α helix N-terminal to 124
RPT1, H-N, wedging between RPT1 and SWIRM A while the C-terminal region of RPT2 125
is packed against the opposite side of SWIRM B . The RPT1/SWIRM A connects the Arm 126 module to the Core module by tightly associating with Swi1 ( Fig. 2d ). Swp82 contains 127 an α helix that runs along Snf5/Swi3 (Fig. 2d ), likely further stabilizing the Arm module.
Arm further establish the asymmetric architecture of this homodimer (Extended Data 130 Fig. 6b ). 131 132 Swi1/ARID1/BAF250 resides in the core region of the Body, acting as a hub to integrate 133 all other modules ( Fig. 2a, e ). Therefore, we name it the Core module. It clearly folds 134 into an Armadillo (ARM) repeat structure 30 ( Fig. 2e , Extended Data Fig. 8a ). 135
Interestingly, BAF250a, the human homolog of Swi1, was predicted to contain an ARM 136 domain 31 , consistent with the highly conserved nature of this subunit. Compared to the 137 β-catenin structure 32 , the Swi1 ARM repeat domain contains extra insertion sequences 138 (Extended Data Fig. 8a) , such as the one between helices H3 and H6. In addition to the 139 neighboring repeats, this long insertion makes extensive contacts with the Snf5 and 140
Swi3 subunits of the Arm as well as both the Spine and the Hinge. It contacts the Arm 141 by wrapping on top of the Swi3 SWIRM A domain and traveling back along the Snf5 H-N 142 (Extended Data Fig. 8b ). Interestingly, this insertion also forms an α helix H4 that 143 contacts a surface on SWIRM B , whose corresponding region on SWIRM A engages with 144 Swi1 H1 and Snf5 H-N (Extended Data Fig. 7d ), emphasizing the role of Swi1 in 145 associating with the Arm module. In addition to this long insertion associating with the 146 Arm, H1 of Swi1 contacts the SWIRM A domain of Swi3, whereas H3 and H8 interact 147 with Snf5 RPT1 (Extended Data Fig. 8b ), thus connecting the Arm to the Core. The 148
Swi1 ARM repeat domain also interacts extensively with the Spine sub-module. The 149 entire top surface of the Swi1 ARM makes contacts with the helix bundle from the Spine, with the C-terminal helices H19 and H20 engaging the SWIB domain of Snf12 151 (Extended Data Fig. 8c ). 152
153
The Core is also the major docking point of the Snf2 Anchor domain (Fig. 3a ). H11 of 154 Swi1 ARM interacts with an extended region of the Snf2 HSA domain that is absent 155 from the crystal structure 33 , while H2, H6 and H9 contact the Anchor linker (Extended 156 Data Fig. 9a ). These interactions, together with the Hinge region sandwiching the 157
Anchor helices of Snf2 (Extended Data Fig. 9b ), further lock the ATPase in the complex. 158
This observation is consistent with ARID1A being the branching subunit connecting the 159
ATPase module with the rest of the SWI/SNF complex in humans 24 . 160
161
The modular architecture of the SWI/SNF complex revealed by our structure agrees 162 well with the modules revealed by previous biochemical and proteomic studies 34, 35 . The 163 conserved SWI/SNF subunits form the structural scaffold within the complex, whereas 164 yeast-specific subunits only occupy peripheral regions. For example, Snf6 was identified 165 to situate at the back of the complex, spanning the Core and wrapping on top of the 166 four-helix bundle of the Spine (Extended Data Fig. 10a ). Swp82 is another yeast-167 specific subunit, and it is also located peripherally, making limited contacts with the rest 168 of the complex (Extended Data Fig. 10b ). Based on our sequence conservation analysis 169
( Supplementary Figures 1-5 ), we have also mapped a subset of invariant residues from 170 the human cancer mutation database 36 onto our SWI/SNF model. Although the majority 171 of the mutations likely compromise structure and folding, many also map to protein-172 protein interfaces, contributing to different types of the human disease ( Fig. 2b-e, 3a) .
Our structure has also enabled us to map the interactions between the SWI/SNF 175 complex and the nucleosome. The ATPase domain of Snf2 binds the nucleosome at 176 SHL2 in the context of the entire complex, as reported previously for the stand-alone 177
ATPase 14,15,37,38 . A series of cancer patient mutations map to the Snf2 HSA-DNA 178 interface near SHL-6, likely diminishing the remodeling efficiency by disrupting protein-179 DNA interactions (Fig. 3a) . The yeast-specific subunit Swp82 also contacts the 180 nucleosomal DNA near SHL-2 ( Fig. 3b ), likely contributing to the remodeling activity of 181 SWI/SNF. Although the nucleosomal DNA is not deformed as was observed for 182 TGGTTCAATACCGGCGCAT-3'. The 601 sequence is underlined. The lyophilized DNA 261 oligos were resuspended in water to a final concentration of ~100 µM and mixed at 1:1 262 molar ratio. Annealing of the DNA was performed by incubating in boiling water for 5 263 min followed by gradually cooling to room temperature in 2 hours. The reconstituted 264 nucleosome core particle (NCP) was concentrated to ~6µM and annealed with a 265 biotinylated RNA molecule (IDT, 5'-UAGUGGGAGGU-3'-biotin) to the top DNA strand at 266 1:1.5 (DNA to RNA) molar ratio at 45℃ for 5 min followed by gradually cooling to room 267 temperature in 30-40 min. This resulted in a final concentration of the nucleosome core 268 particle (NCP) at 5.52 µM. The annealed NCP was stored at 4℃. The assembled SWI/SNF-NCP complex was first crosslinked using 0.05% 292 glutaraldehyde under very low illumination conditions on ice for 5 min before applied 293 onto EM grids. Negative staining sample preparation and data collection were 294 performed as previously described 48 . For cryo sample preparation, crosslinked complex 295 (~3.3 µl) was applied onto a 400 mesh Quantifoil grid containing 3.5 µm holes and 1 µm 296 spacing (Quantifoil 3.5/1, Electron Microscopy Sciences). A thin carbon film was floated 297 onto the grid before it was plasma cleaned for 10s at 5 W power using a Solarus plasma 298 cleaner (Gatan) equipped with air immediately before sample deposition. The sample 299 was allowed to absorb to the grid for 10 min at 4℃ and 100% humidity in a Vitrobot 300 (FEI) under low illumination conditions, before blotted for 4 s at 10 force and plunge-301 frozen in liquid ethane. The frozen grids were stored in liquid nitrogen until imaging. Table 2 ). Data were collected using the K2 camera 306 in counting mode at a nominal magnification of 30,000 × (1.12 Å per pixel). Movie series 307
with defocus values ranging from -1.5 to -4.5 µm were collected using Leginon 50 . 40-308 frame exposures were taken at 0.3 s per frame (12 s total), using a dose rate of 8 eper 309 pixel per second, corresponding to a total dose of 76.5 e -Å -2 per movie series. Four 310 datasets with a total number of 7,769 movies on the ADP-BeFx sample and four other 311 datasets with a total number of 6,903 movies on the ATP S sample were collected. 312 313
Image processing and three-dimensional reconstruction. 314
Negative stain data pre-processing was performed using the Appion processing 315 environment 51 . Particles were automatically selected from the micrographs using a 316 difference of Gaussians (DoG) particle picker 52 . The contract transfer function (CTF) of 317 each micrograph was estimated using CTFFind4 53 , the phases were flipped using 318
CTFFind4, and particle stacks were extracted using a box size of 128 × 128 pixels. 319 Two-dimensional classification was conducted using iterative multivariate statistical 320 analysis and multi-reference alignment analysis (MSA-MRA) within the IMAGIC 321 software 54 . Three-dimensional (3D) reconstruction of negative stained data was 322 performed using an iterative multi-reference projection-matching approach containing 323 libraries from the EMAN2 software package 55 . The initial 3D model was generated using 324 cryoSPARC 56 . 325 326 Cryo-EM data was pre-processed as follows. Movie frames were aligned using 327
MotionCor2 57 to correct for specimen motion. Particles were automatically selected from the aligned and dose-weighted micrographs using Gautomatch (developed by Zhang K, 329 MRC Laboratory of Molecular Biology, Cambridge, UK) with 2-fold binnning 330 (corresponding to 2.24Å/pixel). The CTF of each micrograph and of each particle was 331 estimated using Gctf 58 . All three-dimensional (3D) classification and refinement steps 332 together with postprocess and local resolution estimation were performed within 333 RELION 3.0 59 . 334
335
For the ADP-BeFx dataset, 891,573 particles were automatically picked and were 336 subjected to an initial round of 3D classification with alignment using the density 337 obtained from negative staining as the initial reference (Extended Data Fig. 2 ). The 338 "Angular sampling interval", "Offset search range (pix)" and "Offset search step (pix)" 339 were set to 15 degrees, 10 and 2, respectively, for the first 50 iterations. Next, these 340 values were set back to default (7.5 degrees, 5, 1) and the 3D classification was 341 continued until convergence. This resulted in class 3 with 198,543 particles showing 342 sharp structural features of SWI/SNF and nucleosome. This class was subsequently 343 refined and further classified without alignment into 5 classes with a mask around the 344 Arp module and the nucleosome (Extended Data Fig. 2b ). Class 1 with 35,214 particles 345 from this second round of classification showed best features of the nucleosome and 346 was chosen to proceed with 3D auto-refinement, which yielded a structure of SWI/SNF-347 NCP at an overall resolution of 8.96Å (Extended Data Fig. 2c ). All resolutions reported 348 herein correspond to the gold-standard Fourier shell correlation (FSC) using the 0.143 349 criterion 60 . The ATP S dataset with 820,117 particles was processed in a similar 350 manner (Extended Data Fig. 3) , resulting in a structure with an overall resolution of 10Å. Fig.  359 4b). Next, we unbinned and refined the original particle stack of this class, and 360 generated masks around the Body module, the Arp module plus the ATPase density of 361 Snf2, and the nucleosome (Extended Data Fig. 4b ). 3D multi-body refinement 62 was 362 then performed on this class, which drastically improved the resolution of the Body 363 module to 4.7Å (Extended Data Fig. 4c ). The core region of the Body module has a 364 resolution close to 4.3Å (Extended Data Fig. 4b) , showing densities of bulky sidechains, 365 which enabled us to partially build the structural model of the Body module (Fig. 1b) . 366
This body map replaced its corresponding region in the ADP-BeFx map to result in the 367 composite map shown in Fig. 1a . 368
369

Model building. 370
To aid in model building, we performed secondary structure prediction of the SWI/SNF 371 subunits using the Genesilico Metaserver 63 . Sequence alignment of the conserved 372 SWI/SNF subunits were performed using CLC Sequence Viewer 7 (Supplementary 373 We observed clear density in our map that connects these two RPT domains. Next, we 385 built homology models of these structures using Modeller 66 and replaced the docked 386
PDBs in the Body density map. Regions with missing or extra connecting density were 387 then manually deleted or built in Coot 67 based also on secondary structure predictions 388 of these proteins. 389
390
The Snf2 Anchor domain was built manually in Coot. First, the Arp7/Arp9/Rtt102/HSA 391 structure (PDB ID 4I6M) 33 was rigid body docked into the full map, which helped in 392 registering the HSA helix in the Body map. The HSA helix was then manually extended 393 in Coot, with Y586 matching a sidechain density further confirming the register of this 394 helix. Next, the Anchor domain was manually extended from the end of the HSA by 395 following the connected density of the map. Again, secondary structure prediction was 396 also used as a guide when extending the model in Coot. Bulky sidechain density at 397 Y497, Y533 and W554 further confirmed the model. 398
399
The ARM repeat domain of Swi1 locates in the core region of the Body map with the 400 highest local resolution, therefore enabling de novo model building. First, the helix 401 density corresponding to residues 942-955 of Swi1 was chosen to model because it has 402 the highest local resolution and that it contains a few bulky sidechain densities. Next, 403 two ⍺ helices with poly-alanine sequence were generated in Coot, which allowed us to 404 create a bulky residue (lysine, arginine, histidine, methionine, phenylalanine, tyrosine, 405 and tryptophan) pattern along both directions. Subsequently, these patterns were used 406 to search against the sequences of SWI/SNF subunits on the Sequence pattern search 407 server (http://www-archbac.u-psud.fr/genomics/patternSearch.html), and Swi1 942-955 408 was one of the best hit. Further extension of this helix into connected density also 409 matched the secondary structures of Swi1. Then, the remaining regions of the Swi1 410 ARM repeat domain were manually built into the density in Coot based on secondary 411 structure prediction as well as bulky sidechain densities wherever possible. The overall 412 architecture of the ARM repeat domain of Swi1 also matches that of an Armadillo repeat 413 containing protein β-catenin 32 (Extended Data Fig. 8a ), confirming our model of Swi1. 414
415
The positioning of the SWIB domain of Snf12 aided us in building the remaining of this 416 protein into the density. First, at the Spine tip, where the SWIB was docked, there is β-417 sheet like density (Extended Data Fig. 6c ). This agrees with the secondary structure 418
prediction of Snf12, which shows β-strands right N-terminus of the SWIB domain. 419
Although the resolution of this region is low, we are confident about its identity. Four 420 long helices belonging to the Spine module directly connect to this region, two of which 421 extending into the Snf12 densities. Therefore, we assigned these two helices to Snf12. 422
This agreed well with the secondary structure prediction of Snf12, which shows that 423 Snf12 contains two long helices. Next, we performed protein sequence pattern search 424 based on the bulky sidechain densities. Based on the search results, we manually built 425 the two helices of Snf12 in Coot. 426
427
Based on secondary structure prediction, we reasoned that the other two long helices 428 belong to Swi3 C-terminus. This is backed up by the finding that the C-terminus of Swi3 429 contains a coiled-coil leucine zipper motif 26 and there are two copies of Swi3 in 430 SWI/SNF. To facilitate the registering of the sequence in these long helices, we fitted 431 the crystal structure of human OmoMYC homodimer (PDB ID 5I4Z) 27 into the density 432 and obtained a good fit (Extended Data Fig. 6a ). Based on this fitting, we mapped the 433 hydrophobic residues from Swi3 as indicated before 26 and manually built the two helices 434 in Coot. The rest of Swi3 density cannot be confidently modeled due to lower resolution 435 and missing density, therefore are modeled with poly-alanine. 436
437
Snf6 was also manually built in Coot based on secondary structure prediction, bulky 438 sidechain density and prior knowledge based on chemical crosslinking and mass 439 spectrometry data 22 and site-directed DNA crosslinking experiments 39 . We cannot 440 confidently model in Swp82, however we were able to assign densities to this yeast 441 specific subunit based on crosslinking experiments 22 and mapping by deletions and 442 EM 68 . The N-terminal region of Swp82 forms a RSC7 homology domain, therefore we 443 speculate that it occupies the globular density near the Hinge; C-terminal region 444 crosslinks to both Snf5 and Swi3, therefore it was assigned to the density by Snf5 and 445
Swi3. There are also several unassigned densities on the solvent exposed surface of 446 the complex. We did not identify Taf14 and Snf11 in the map (Extended Data Core (e) sub-modules, respectively. Blue spheres depict the locations of a subset of 509 invariant residues harboring cancer patient mutations that occur at interfaces between 510 these conserved subunits. Subunits are colored the same as in Fig. 1 . 
